Abstract Using post-embedding immunogold electron microscopy, TAR DNA-binding protein of 43 kDa (TDP-43) was localized to neuronal cytoplasmic (NCI) and intranuclear (NII) inclusions, as well as unmyelinated neurites, in frontotemporal lobar degeneration with ubiquitinated inclusions
Introduction

TDP-43 immunoreactivity was
Wrst demonstrated in ubiquitin immunoreactive neuronal inclusions that are negative for tau and -synuclein in frontotemporal lobar degeneration (FTLD-U) and amyotrophic lateral sclerosis (ALS) [2] . These inclusions are commonly found in neuronal cell bodies (NCI), nuclei (NII) and neurites of the cerebral cortex, amygdala, hippocampus and striatum as well as motor neurons of the brain stem and spinal cord. They are also increasingly recognized in glia in some conditions [9] . The speciWcity of TDP-43 for FTLD-U was suggested in that other disorders, such as -internexin-positive neuronal inclusions in neuronal intermediate Wlament inclusion disease, were not labeled by TDP-43 [18] . The Wrst suggestion that TDP-43 may not be speciWc to FTLD-U and ALS was the report by Arai et al. [2] that some cases of Pick's disease (PiD) had TDP-43 immunoreactivity, which was later conWrmed in other cases of PiD [5] . Subsequently, TDP-43 immunoreactivity was demonstrated in neuronal inclusions of 20-30% of Alzheimer's disease (AD) and more than 70% of cases with hippocampal sclerosis (HpScl) [1] . Later studies showed TDP-43 associated with Lewy body disease (LBD), particularly in cases with Parkinson's disease and dementia [11, 17] and in both neurons and glia in parkinsonism-dementia complex and ALS of Guam [6, 15] .
Despite the growing list of disorders associated with TDP-43 immunoreactivity, there are relatively few immunoelectron microscopic studies of these inclusions [3] . Early studies using ubiquitin antibodies [12, 19] and preembedding immunolabeling methods demonstrated that NCI were composed of Wlaments of 10-15 nm [14] or 15-20 nm [12] diameter usually associated electron dense granular material. Ultrastructural localization of TDP-43 was recently reported in the hippocampus of a single case of FTLD-U using pre-embedding method and diaminobenzidine (DAB) as chromogen [3] . The authors showed TDP-43 immunolabeling of NCI in granular and membranous material with an occasional Wlament or microtubule as minor components [3] . In dystrophic neurites TDP-43 immunoreactivity was associated with Wlamentous material, but immuno-labeling was not demonstrated in inclusions composed largely of Wlaments or in NII. The authors suggested that TDP-43 was probably associated with nonWlamentous material [3] . More recently, Hasegawa et al. [10] have shown that TDP-43-immunoreactive inclusions in FTLD-U are Wlamentous. The observations are in accord with our previous Wndings, in which we reported on TDP-43 immunoreactivity using immunogold electron microscopy and post-embedding staining methods in AD [1] . In that study, TDP-43 was associated with granule-coated Wlaments in NII and in cytoplasmic Wlaments distinct from tau Wlaments in neurons with neuroWbrillary tangles. These studies suggested that TDP-43 may be a constituent of the Wlaments and that Wlamentous TDP-43 may sometimes associate with Wlaments composed of other disease-related proteins. In the present study, we extended these immunoelectron microscopic studies to include other neurodegenerative diseases, including FTLD-U, ALS, PiD and LBD.
Materials and methods
Small pieces of tissue were collected from the hippocampus or parahippocampal gyrus of formalin-Wxed brains from four pathologically conWrmed cases of FTLD-U, one case of AD with HpScl, one case of PiD case and two cases of diVuse FTLD-U a NCI (a, b) Lewy body disease (DLBD). The amygdala was sampled from one case of sporadic DLBD and one case of familial DLBD, a patient with A53T mutation in the gene for -synuclein [20] . Samples were also taken from the anterior horns of the spinal cord of two ALS cases. All tissue was dehydrated in progressive ethanols and embedded in LR White as previously described [16] . Thin sections collected on Formvarcoated-nickel grids were Xoated with the section-side down on 2 ml of citrate buVer, pH 6, in a 100°C oven for 10 min, and cooled to room temperature prior to immunogold EM.
The primary antibodies used were as follows: polyclonal antibody to TDP-43 At the dilutions used to optimally detect inclusions, TDP-43 showed only weak immunolabeling of nuclear chromatin, but did not bind to any other cellular component 
Results
FTLD-U
The NCI and NII in FTLD-U showed TDP-43 immunoreactivity in Wlamentous bundles often associated with electron dense granular material (Fig. 1) . The Wlaments had a diameter of 10-17 nm, with thickness increasing to 20 nm or more in regions with heavy coating of electron dense granular material. The Wlament bundles tended to be packed more orderly and tightly in NII than in NCI. In some dystrophic neurites TDP-43 immunoreactivity was associated with tightly packed Wlamentous structures (Fig. 1e, f) . Most Wlaments were readily recognized because granular material only coated segments of Wlaments, indicating that Wlaments were the dominant component of the inclusions. Inclusions within unmyelinated neurites also contained tightly packed Wlaments of 10-17 nm in diameter with or without associated dense granular material (Fig. 2) . Of the neurites with TDP-43 immunoreactivity, about 20% had minimal or no electron dense granular material. Filaments in these neuritic inclusions were randomly oriented. All Wlaments appeared to be straight without periodic constrictions. TDP-43 immunoreactivity was localized in both Wlaments and electron dense granular material associated with the Wlaments (Fig. 3a) . The Wlaments were negative with a monoclonal antibody to neuroWlament (Fig. 3b) , which heavily labeled neuroWlaments in axons within the same section (data not shown), demonstrating the speciWcity of the immunoelectron microscopy methods. Double labeling with antibodies to ubiquitin and TDP-43 showed co-localization of both proteins to the same inclusions (not shown).
The Wndings were similar to those reported previously in studies using ubiquitin for immunoelectron microscopy [14, 19] ; however, several novel Wndings were also made. First, some neuritic inclusions had an electron dense amorphous core and a rim with Wlaments that were more heavily labeled for TDP-43 (Fig. 4) . In some cases, the rim appeared to have two zones of loose Wlaments. Those adjacent to the core were free of associated material, while those in the outermost rim were coated with granular material. The same Wlament could sometimes be traced from the region without electron dense coating to the periphery where most of the Wlaments had electron dense granular coating. Double labeling with antibodies to ubiquitin and TDP-43 showed that ubiquitin was localized mainly to the dense amorphous core, while TDP-43 was present in the core and the Wlamentous rim (Fig. 5) . (Fig. 6) . The inclusions contained coated Wlaments in loose or densely packed arrangements. The inclusions were not labeled by antibodies to phosphorylated neuroWlaments or -synuclein (data not shown).
AD
In a previous study, we showed that TDP-43 immunoreactive inclusions in AD included both NCI and NII [1] . The Wlaments in both NII and NCI were 10-17 nm diameter straight Wlaments with coating by electron dense granular material. In some cases, the granule-coated Wlaments were present in neurons that also had NFTs that contained tau Wlaments with distinct immunoreactivity and Wne structural proWles. In the present study, we show that in AD TDP-43 immunoreactivity can also be detected in unmyelinated neurites as aggregates of uncoated Wlaments (Fig. 7) .
PiD
Many Pick bodies were present in the cytoplasm of granule cells in dentate fascia of the hippocampus. They were composed of circumscribed aggregates of tau Wlaments with admixture of cytoplasmic organelles and electron dense granule material. Both polyclonal and monoclonal antibodies to TDP-43 showed immunoreactivity with Wlaments, some that were coated with granular material, in Pick bodies (Fig. 8) .
LBD
At the light microscopic level, TDP-43 immunoreactivity was present in NCI and neurites (data not shown). Immunoelectron microscopy with double immunolabeling for TDP-43 andsynuclein showed their co-localization in neuronal cytoplasm (Fig. 9 ) and unmyelinated neurites (Fig. 10) . Both antibodies were localized to Wlaments and associated dense material.
Discussion
The high resolution provided by post-embedding immunogold electron microscopy provided evidence that TDP-43 immunoreactive structures in neuronal inclusions in a range of neurodegenerative disorders are Wlamentous. The TDP-43 immunoreactive structures fell into three major types. The most common type was characterized by Wlaments with associated granular material. Less often Wlaments were detected without granular material. Finally, in the setting of other neurodegenerative diseases, TDP-43 immunoreactivity was present in granular material associated with other distinct types of Wlaments, such as tau or -synuclein Wlaments. The NII in FTLD-U and AD and the NCI in FTLD-U and ALS were most often composed of granule-coated Wlaments. In general, NII tended to have more densely packed Wlaments than NCI. The TDP-43-immunoreactive neurites in FTLD-U and AD were most often composed of granulecoated Wlaments, but uncoated Wlaments were occasionally found in unmyelinated neurites. TDP-43 immunoreactivity was associated with granular material and not clearly associated with Wlaments other than those recognized by tau antibodies in neuroWbrillary tangles of AD and Pick bodies of PiD, and as -synuclein Wlaments in Lewy bodies and neurites of LBD.
The morphology of the Wlaments in NCI in FTLD-U and ALS were similar to those reported previously using ubiquitin immunoelectron microscopy in these disorders [12] . These studies showed ubiquitin immunoreactivity in Wlamentous inclusions. Since there is no evidence that ubiquitin can form Wlaments, it is most likely that ubiquitin is conjugated to the protein that makes up the Wlaments. The majority of inclusions evaluated in the present study in nuclei (NII) and neuronal cytoplasm (NCI) were Wlamentous structures, and some had associated electron dense granular material. Inclusions composed exclusively of amorphous granular material were not detected. These results contrast with a recent immunoelectron microscopic study of a single case of FTLD-U, which reported that granular material was the major constituent of TDP-43 immunoreactive inclusions [3] . The discrepancy between the present Wndings and that report may be technical. The previous study used peroxidase-based pre-embedding immunoelectron microscopy with diaminobenzidine as the chromogen. This method produces an electron dense deposit that can be diYcult to diVerentiate from the granular material that is present in the inclusions within both the cytoplasm and coating the Wlaments. It is possible that the chromogen could have obscured the Wne structure of the Wlaments, especially for the granule-coated Wlaments. It is noteworthy that in a previous study using similar methods, Kinoshita and coworkers [14] mentioned that they could not precisely characterize the nature of ubiquitin immunoreactive structures because they were obscured by electron dense deposits of chromogen. In support of this notion is the fact that a recent immunogold electron microscopic study also showed TDP-43 immunoreactivity in Wlaments in a case of FTLD-U [10] .
The presence of TDP-43 immunoreactivity associated with uncoated Wlaments, either throughout their length or in short segments, in a subset of inclusions in FTLD-U, AD and LBD argues for TDP-43 being a major constituent of the Wlaments. The variability of granule coating of TDP-43 immunoreactive Wlaments as they pass from the central dense region to the periphery of a subset of the inclusions in both FTLD-U and LBD is further support for the notion that TDP-43 is a component of the Wlaments. Moreover, double immunostaining and single immunostaining of adjacent sections failed to localize tau, -synuclein or neuroWlaments in these inclusions.
The Wrst in vitro studies demonstrating the ability of TDP-43 to form Wlaments recently has been reported by Hasegawa et al. [10] with phosphorylated recombinant TDP-43. In support of these in vitro studies and our immunoelectron microscopic Wndings in human brain disorders, is the fact that solubility changes in TDP-43 in FTLD-U are analogous to changes in solubility of other proteins that form pathologic Wlaments [18] . Accumulation of abnormal forms of proteins into Wlamentous lesions is a feature of neurodegenerative disorders. For example, abnormal forms of tau protein form Wlaments in neuroWbrillary tangles and dystrophic neurites of AD and in Pick bodies of PiD, while -synuclein forms Wlaments in LBD. In some disorders (e.g., AD and LBD), inclusions may contain a mixture of abnormal Wlaments [13] . More studies are needed to determine the cause and mechanism of TDP-43 Wbril formation in the nucleus and cytoplasm. A recent in vitro study suggests that proteolytic cleavage of TDP-43 in FTLD-U may be mediated by caspases [22] . It remains to be determined whether Wlamentous aggregates are composed of fulllength or fragments or a mixture of full-length and fragments of TDP-43 and the importance of phosphorylation.
In this study, all the inclusions detected in neuronal cell processes, regardless of the disorder, were not myelinated. Although it is not possible to exclude that these are distal axons, it is more likely that they are dendritic. In none of the cases studied was TDP-43 immunoreactivity ever detected in myelinated axons and our unpublished observations of FTLD using double labeling for phosphorylated neuroWlaments and ubiquitin did not show ubiquitin labeling in the axoplasm of myelinated axons [14] . The TDP-43 immunoreactive structures were unlikely to be in astrocytic processes since they were not positive for glial Wbrillary acidic protein (not shown). A dendritic localization of TDP-43 is of interest, given recent Wndings of Wang and coworkers [21] who showed that in rat hippocampal slices TDP-43 was localized in dendritic processing bodies (Pbodies) and that repetitive stimuli increased its co-localization with two RNA-binding proteins known to regulate mRNA transport and local translation in neurons, suggesting that TDP-43 may have normal functions in the cytoplasm of dendritic processes. If cleavage of TDP-43 is involved in transformation to a form that more readily aggregates, evidence for local activation of caspases in this compartment may be relevant [7] . In summary, using post-embedding immunogold EM we show that TDP-43 immunoreactivity is present in Wlamentous aggregates often, but not always, associated with electron dense granular material. TDP-43 can be found in isolation in FTLD-U and ALS, but also associated with distinctly diVerent types of abnormal Wlaments composed of tau in AD and PiD or -synuclein in LBD. The mechanism of TDP-43 Wlament formation and its relation to dendritic pathology remains to be studied. 
